Background: Exercise-induced pulmonary hypertension (EIPH) can be caused not only by pulmonary vasculopathy, but also by a significant increase in left ventricular (LV) filling pressure. This study evaluated the influence of LV diastolic function on EIPH in patients with systemic sclerosis (SSc).
Introduction
The introduction of epoprostenol for the treatment of pulmonary arterial hypertension (PAH) has led to impressive clinical improvement and a reduction in mortality; however, the prognosis is worse for PAH related to systemic sclerosis (SSc) than for idiopathic PAH 1) . A recent epidemiologic study underlines that heart involvement is common in patients with SSc, being responsible for 20-30% of all premature deaths 2) . Because of their complex nature, cardiovascular manifestations in SSc-pericardial effusion, left ventricular (LV) hypertrophy, valvular heart disease of various degrees, systolic and/or diastolic right ventricular dysfunction due to pulmonary fibrosis or PAH 3, 4) -represent a diagnostic challenge. Recent data suggest that exercise echocardiography could be a potentially useful test for detecting exercise-induced pulmonary hypertension (EIPH), which may represent an intermediate stage between physiologic responses and manifest PAH 5, 6) . The incidence of PAH ranges from 5% to 10% in patients with SSc 7) . An apparently inappropriate exercise-induced increase in pulmonary artery pressure is common in these patients (prevalence up to approximately 50%) and is suspected to be related to many factors that affect LV diastolic function, pulmonary vascular resistance, and interstitial lung disease 8) . The different mechanisms may coexist and overlap in an individual and also play a variable role in different stages of the disease. Earlier published reports suggested that the prevalence of post-capillary pulmonary hypertension (PH) due to LV diastolic function in patients with SSc was 20% 9) . Therefore, a significant number of SSc patients develop LV diastolic dysfunction, leading to an abnormal increase in pulmonary artery pressure. The present study investigated the prevalence of EIPH using simple exercise echocardiography and evaluated the influence of LV diastolic function on EIPH in patients with SSc.
Materials and Methods
This study prospectively enrolled 256 consecutive patients with SSc, in World Health Organization functional classification 1 and 2, identified by rheumatologists between August 2010 and October 2013. Patients with a history of PH or systolic pulmonary artery pressure (SPAP) ≥50 mmHg at rest 10) based on previous echocardiograms; those receiving endothelin receptor antagonists, phosphodiesterase-5 inhibitors and/or prostanoids; those with coronary artery disease (angina pectoris, previous myocardial infarction, electrocardiographic and/or echocardiographic signs of myocardial ischemia) and/or previous diagnosis of heart failure, atrial fibrillation/flutter, interstitial lung disease (chest high-resolution computed tomography and/or forced vital capacity < 80% of the predicted value), systolic LV dysfunction (LV ejection fraction < 60%), or significant valvular disease and systemic hypertension (resting systolic blood pressure > 150 mmHg or resting diastolic blood pressure > 90 mmHg on medications): those who could not perform the exercise stress test; and those with poor-quality echocardiographic images were excluded from this study. Finally, 222 patients and 30 controls with similar age and sex distribution underwent simple exercise echocardiography.
Echocardiography at rest and post exercise
Echocardiography was performed using a commercially available ultrasound machine (Artida, Toshiba Medical Systems, Japan) equipped with a broad-band transducer. All images were acquired in the second harmonic mode with the patients lying in the left lateral decubitus position. Two-dimensional echocardiography measured each chamber dimension, volume, and wall thickness according to the recommendations of the American Society of Echocardiography 11) . Mitral inflow was analyzed for peak early diastolic mitral inflow velocity (E), peak late diastolic velocity (A), the E/A ratio, and the deceleration time of E; peak early diastolic mitral annular velocity (e') was determined at the septal mitral annulus in the apical 4-chamber view using tissue Doppler imaging. The E/e' ratio was calculated to estimate LV filling pressure. SPAP was estimated using the simplified Bernoulli equation, SPAP = 4 × v 2 + right atrial pressure, where "v" was the peak velocity of the tricuspid regurgitation jet (m/s), and right atrial pressure was estimated from the diameter and breath-induced variability of the inferior vena cava. Stroke volume was measured from the LV outflow tract diameter and the time velocity integral, as previously described. Cardiac output was determined as stroke volume × heart rate. Tricuspid annular plane systolic excursion was measured for right ventricular function 12) . All patients underwent exercise echocardiography using a Master's two-step placed at their bedside; they ascended and descended the stairs repeatedly for 3 minutes. Immediately after the exercise test, the patients lay down on the bed and another echocardiographic examination was performed for the measurement of post, post 3-minute, and post 5-minute tricuspid regurgitation velocity, as previously reported 13, 14) . Blood pressure and heart rate were measured at the same time. All data were analyzed off-line by two observers who were blind to the patients' characteristics. Intraobserver and interobserver variability were less than 4.0% for measurements at rest and less than 6.0% for those at post exercise.
Statistical analysis
Statistical analysis was performed using commercially available software (SPSS 18.0 software, SPSS Inc., Chicago, Illinois). All continuous data are reported as mean ± SD and categorical data as percentages. The level of p < 0.05 was considered statistically significant. Variables were compared between the groups using one-way analysis of variance, Turkey's test and the chi-square test. Correlations between parameters were assessed using the nonparametric Spearman correlation coefficient analysis or Pearson correlation, as appropriate. Multivariate logistic regression analysis was used to determine any relation between EIPH and age, sex, systolic blood pressure, or E/e', given the suspected association between EIPH and these parameters 7, 15) .
Ethics
The present study was performed in accordance with the ethical principles set forth in the Declaration of Helsinki. The study protocol was approved by the St. Marianna University School of Medicine Institutional Committee on Human Resources, Kawasaki, Japan (No.1798). The participants were well informed prior to the test and gave their written consent before enrollment.
Results
Of the 256 patients, 34 were excluded according to the exclusion criteria (previous diagnosis of heart failure, n = 3; atrial fibrillation, n = 2; interstitial lung disease, n = 7; significant valvular disease, n = 5; systemic hypertension, n =6; inability to perform the exercise stress test, n = 6; and poor imaging, n = 5). The remaining 222 patients subsequently underwent simple exercise echocardiography for screening PH; 220 patients (99%) completed the procedure. The patients (age 58.9 ± 13.1 years, 85% female) were then classified into the either the non-EIPH (SPAP < 50 mmHg, n = 123) or EIPH (SPAP ≥ 50 mmHg, n = 97) group 16) ( Figure 1 ).
Characteristics and echocardiographic parameters
There was a significant difference in age between the non-EIPH and EIPH groups. No significant differences in brain natriuretic peptide, carbon monoxide diffusion capacity by body surface, or resting heart rate were found between the two groups, whereas post-exercise heart rate was higher in the EIPH group than the non-EIPH group ( Table 1) . Significant differences in left atrial size, LV wall thickness, and LV diastolic indices were found between the two groups, whereas there were no significant differences in LV ejection fraction or tricuspid annular plane systolic excursion ( Table 2) .
Changes in SPAP and E/e' at rest and post exercise
Significant changes from SPAP at rest to SPAP at post exercise were found in the controls (21.9 ± 4.7 mmHg and 31.6 ± 7.3 mmHg, p < 0.0001), and in the non-EIPH (25.4 ± 4.1 mmHg and 36.9 ± 6.8 mmHg, p < 0.0001) and EIPH groups (36.2 ± 9.8 mmHg and 60.6± 9.8 mmHg, p < 0.0001; Figure 2) . No significant change from E/e' at rest to E/e' post exercise was found in the controls (8.8 ± 2.1 and 9.6 ± 2.7), whereas significant changes were found in the non-EIPH (8.7 ± 2.3 and 9.5 ± 2.2, p < 0.0001) and EIPH groups (10.3 ± 3.4 and 12.6 ± 3.1, p < 0.0001; Figure  3 ). In addition, significant differences in E/e' at rest and post exercise were found between the non-EIPH and EIPH groups (p < 0.0001).
Relationship between SPAP post exercise and E/e'
A weak correlation was found between SPAP post exercise and E/e' (r = 0.34, p < 0.0001; Figure  5A ). Furthermore, a significant positive correlation was found between SPAP post exercise and E/e' (r=0.42, p < 0.001; Figure 4) . The univariate analysis demonstrated that EIPH was associated with age, female sex, systolic blood pressure, and E/e'. In the multiple logistic regression analysis, age and E/e' were independently associated with EIPH ( Table 3) .
Discussion
The present study prospectively investigated patients with SSc in World Health Organization functional classification 1 and 2, employed a Master's two-step for exercise echocardiography, and assessed the prevalence of EIPH. In this study, 44% of the patients were identified as having EIPH. Significant differences in LV diastolic indices were found between the non-EIPH and EIPH groups. A positive correlation was found between SPAP post exercise and E/e'. In the multiple logistic regression analysis, age and E/e' were independently associated with EIPH.
In patients with SSc, dyspnea may be related to pulmonary fibrosis, pulmonary arterial vasculopathy, LV involvement, systemic arterial hypertension, or deconditioning because of skin, muscle, and joint involvement 17) . The occurrence of PH is one of the main clinical problems in SSc and is now the most common cause of SSc-related death 18) . Many SSc patients develop PH as a result of pulmonary arteriopathy, whereas some patients develop it as a result of pulmonary fibrosis 19) . Furthermore, LV involvement in SSc has been associated with perivascular and myocardial fibrosis on endomyocardial biopsies 20) and with myocardial fibrosis on magnetic resonance imaging 21) . Thus, a significant number of SSc patients develop LV diastolic dysfunction, leading to an abnormal increase in pulmonary artery pressure due to upstream transmission of the associated increase in LV diastolic pressure (pulmonary venous hypertension) 22) . Accordingly, the parameters affecting LV diastolic function, such as age 23) and systemic arterial hypertension, may potentially influence exercise-induced increases in pulmonary artery pressure. D'Alto et al. 8) stressed that we should exercise caution in interpreting the results of exercise echocardiography in Table 2 Echocardiographic Parameters * p < 0.05, Controls vs. Non-EIPH; ** p < 0.05, Controls vs. EIPH; † p < 0.05, Non-EIPH vs. EIPH PAH, pulmonary arterial hypertension; LAD, left atrial diameter; LAVI, left atrial volume index; PW, posterior wall; LVDd, left ventricular end-diastolic diameter; LVDs, left ventricular end-systolic diameter; LVEF, left ventricular ejection fraction; E/A, the ratio of early diastolic (E) and late diastolic (A) transmitral inflow velocities; Dct, deceleration time of E wave velocity; E/e', the ratio of early diastolic transmitral flow velocity to early diastolic mitral annular velocity; TAPSE, tricuspid annular plane systolic excursion; SPAP, systolic pulmonary artery pressure patients with SSc because abnormal pulmonary vascular reserve might be related to the presence of mild to moderate interstitial lung disease and subtle signs of LV diastolic dysfunction. In the present study, interstitial lung disease was excluded. Accurate diagnosis of the cause of dyspnea is important for directing therapy.
Several studies have documented a limited exercise capacity in patients with normal resting but elevated post-stress echocardiographic pulmonary pressures 24, 25) . However, whether such patients have an early manifestation of PAH-referred to as EIPH 5) -or pulmonary venous hypertension secondary to LV diastolic dysfunction is not apparent from the earlier study. While exercise hemodynamics provide a way to distinguish the early stages of PH from heart failure with preserved ejection fraction 26) , there is no consensus regarding the role of exercise in evaluating PH 27) . The present study attempted to characterize the hemodynamic profiles of SSc patients who had clinical dyspnea and/or echocardiographic evidence of normal resting pulmonary systolic pressures that increased post exercise. From the statistical analysis, E/e' was associated with EIPH rather than with female sex and systolic blood pressure. The results should be interpreted with caution because of the E/e' elevation inconsistency in the EIPH group.
Some limitations of the present study should be highlighted. Exercise echocardiography is usually performed on a supine bicycle ergometer in the left tilt position 28) . However the present study employed the Master's two-step for screening PAH. Earlier study results suggest that up to 40-60% of SSc pa- Significant changes in SPAP from rest to post exercise were found in the controls (21.9 ± 4.7 mmHg and 31.6 ± 7.3 mmHg, p < 0.0001), and in the non-EIPH (25.4 ± 4.1 mmHg and 36.9 ± 6.8 mmHg, p < 0.0001) and EIPH groups (36.2 ± 7.2 mmHg and 60.6 ± 9.8 mmHg, p < 0.0001). EIPH, exercise-induced pulmonary hypertension; SPAP, systolic pulmonary artery pressure Figure 3 Changes in E/e' from rest to post exercise. No significant changes in E/e' from rest to post exercise were found in the controls (8.8 ± 2.1 and 9.6 ± 2.7), whereas significant changes were found in the non-EIPH (8.7 ± 2.3 and 9.5 ± 2.2, p < 0.0001) and EIPH groups (10.3 ± 3.4 and 12.6 ± 3.1, p < 0.0001). EIPH, exercise-induced pulmonary hypertension; E/e', the ratio of early diastolic transmittal flow velocity to early diastolic mitral annular velocity; Figure 4 Relationship between SPAP at post exercise and E/e'. A significant positive correlation was found between SPAP post exercise and E/e' (r=0.42, p < 0.001). SPAP, systolic pulmonary artery pressure; E/e', ratio of early diastolic transmittal flow velocity to early diastolic mitral annular velocity; Table 3 Multivariable Logistic Regression Analysis for Predicting EIPH SBP, systolic blood pressure; E/e', the ratio of early diastolic transmitral flow velocity to early diastolic mitral annular velocity tients develop EIPH 29) , whereas 44% patients were identified as having EIPH in the present study. The lower prevalence of EIPH in our study could have been due to the non-conventional exercise test using a Master's two-step instead of the more commonly employed bicycle ergometer, which may account for the low maximum cardiac output and heart rate. It remains unclear whether the Master's two-step method is useful in a multi-center trial, because this approach has not yet been validated by clinical investigation.
Conclusions
The present study demonstrated that EIPH was common in patients with SSc, even when resting SPAP was normal. LV diastolic function might be associated with EIPH in patients with SSc.
